It is generally assumed that inhibitors of peptidoglycan biosynthesis do not kill nongrowing bacteria. An exceptional case is reported here. The addition of chloramphenicol to amino acid-deprived cultures of relA + strains of Escherichia coli which were treated with ,l-lactam antibiotics, D-cycloserine, or moenomycin resulted in lysis. This phenomenon is termed chloramphenicol-dependent lysis. To be effective, chloramphenicol had to be present at its minimum growth-inhibitory concentration (or higher). Analogs of chloramphenicol which did not bind to ribosomes were completely ineffective. Amino acid deprivation was actually not required to demonstrate chloramphenicol-dependent lysis, and cultures treated with growth-inhibitory levels of chloramphenicol alone were lysed when challenged with inhibitors of peptidoglycan synthesis. Peptidoglycan synthesis has been shown previously to be under stringent (reA+) control, and chloramphenicol is known to be an antagonist of stringent control. Thus, it is proposed that the mechanism of chloramphenicol-dependent lysis is based on the ability of chloramphenicol to relax peptidoglycan synthesis in nongrowing reU+ bacteria. This is also consistent with the observation that treatment of amino acid-deprived reUl mutants with inhibitors of peptidoglycan synthesis resulted in lysis, i.e., without the mediation of chloramphenicol.
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The synthesis of cell wall peptidoglycan in Escherichia coli is regulated by the stringent control mechanism (9) . Thus, amino acid deprivation results in the inhibition of peptidoglycan synthesis in relA' bacteria but not in relA mutants. Furthermore, peptidoglycan synthesis is relaxed when amino acid-deprived relA+ bacteria are treated with chloramphenicol. Guanosine 5'-diphosphate 3'-diphosphate (ppGpp) accumulates during amino acid deprivation in relA+ cells but not in relA mutants, and chloramphenicol prevents the accumulation of ppGpp in amino acid-deprived relA+ cells (1, 3) . The stringent control of peptidoglycan synthesis is apparently mediated by ppGpp (6) and results in the inhibition of an early step in the synthesis of UDP-Nacetylmuramyl-pentapeptide (10) as well as a late step in the polymerization of peptidoglycan (16) . The mechanisms involved in these control processes are not yet known. However, recent experiments (7, 8) suggest that ppGpp does not act as an allosteric inhibitor of a peptidoglycan polymerase during the stringent response. Instead, the peptidoglycan polymerization reaction under stringent control, which is probably catalyzed by a penicillin-sensitive transpeptidase, is dependent on phospholipid synthesis (7), and it is known (19) that phospholipid synthesis is also under relA control. Thus, the inhibition of peptidoglycan polymerization during the stringent response is apparently the consequence of the inhibition of phospholipid synthesis.
The relaxed synthesis of peptidoglycan has been characterized further in a recent study (22) . It is perhaps not surprising that relaxed peptidoglycan synthesis was found to be inhibited by a variety of P-lactam antibiotics and by moenomycin, i.e., by inhibitors of the transpeptidase and transglycosylase activities of the high-molecular-weight penicillin-binding proteins (20) . However, we also observed in these experiments (and in earlier experiments described in reference 10) that the addition of chloramphenicol resulted in * Corresponding author. autolysis of cultures of amino acid-deprived relA+ bacteria which were treated with inhibitors of peptidoglycan synthesis. We considered this unusual since it is generally assumed that P-lactam antibiotics and other inhibitors of peptidoglycan synthesis do not kill nongrowing bacteria. This phenomenon, referred to here as chloramphenicol-dependent autolysis, is described further in this report.
E. coli possesses several cell envelope-associated peptidoglycan hydrolases (15) . The functions of these enzymes are largely unknown, but it has been speculated that they are involved in peptidoglycan metabolism during the processes of growth, morphogenesis, and cell division. During normal growth, the activities of these peptidoglycan hydrolases are regulated such that cellular autolysis apparently rarely occurs. However, treatments which interfere with peptidoglycan synthesis in actively growing cells usually culminate in autolysis. Thus, such treatments apparently deregulate the activities of one or more of the peptidoglycan hydrolases (21) . Mutants have been recently described which exhibit tolerance to autolysis induced by either P-lactam antibiotics (11, 12, 18) or by lysis-inducing treatments in general (5) . It should be toted that these mutants are sensitive to the growth-inhibitory effects of these treatments. Thus, it is likely that autolysis is largely responsible for the bactericidal effects of agents which inhibit peptidoglycan synthesis in E. coli. How the inhibition of peptidoglycan synthesis during active growth leads to a disruption in the normal regulation of peptidoglycan hydrolase activities is unknown. Amino acid-deprived relA+ bacteria presumably survive treatments with inhibitors of peptidoglycan synthesis because peptidoglycan synthesis in such cultures is largely inhibited by the stringent control mechanism. Thus, as indicated above, the ability of chloramphenicol to cause lysis of such nongrowing relA+ bacteria treated with inhibitors of peptidoglycan synthesis appeared anomalous. The 
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains LD5 (thi lysA dapD) and LD5456 (thi lysA dapD relA) were isogenic derivatives of E. coli K-12 (9) . The bacteria were grown in M9 minimal medium containing 0.2% glucose and required growth factors as previously described (9) . Cultures were incubated in a water bath shaker at 37°C. Culture turbidity was determined in a Klett-Summerson colorimeter with a blue filter. The general procedures for the experiments have been previously described (9) . The bacteria were grown for three to four exponential doublings to a density of about 2 x 108 to 4 x 108 cells per ml and then subjected to amino acid deprivation or antibiotic treatments as indicated. Lysine deprivation was imposed by transferring washed bacteria to M9 medium lacking L-lysine (9) . Alternatively, the bacteria were deprived of isoleucine by adding L-valine (500 ,ug/ml) to M9 medium (22) .
DIetermination of peptidoglycan synthesis. The synthesis of peptidoglycan in strain LD5 relA+ was assayed in M9 medium containing 1.2 p.g (8 , uCi) (v) The minimum concentration of chloramphenicol required for maximum lysis was equal to the MIC (5 ,ug/ml). Furthermore, two derivatives, acetylchloramphenicol and chloramphenicol base, which had no inhibitory effects on protein synthesis and on growth rates of treated cultures, also did not cause lysis of ampicillin-treated amino acid-deprived cultures when used at concentrations of up to 50 ,ugIml. These results indicate that autolysis in this system was dependent on the inhibitory activity of chloramphenicol on protein synthesis.
The experiment described in Fig. 2 was designed to determine whether the period of penicillin treatment during amino acid deprivation was sufficient to cause a commitment on the part of the cells to undergo autolysis when they were subsequently exposed to chloramphenicol in the absence of penicillin. Strain LD5 relA+ was simultaneously deprived of lysine and treated with ampicillin (40 ,ughnl) for 50 min. After this period, the cells were washed free of exogenous ampicillin by centrifugation and suspension in sterile saline. The washed cells were then suspended in four equal portions of lysine-deficient M9 medium. The addition of lysine to one of these cultures (Fig. 2, curve 1 ) resulted in a resumption of M i n u t e s FIG. 2. Commitment to chloramphenicol-dependent autolysis in strain LD5 relA+. A lysine-deprived culture was treated with 40 ,ug of ampicillin per ml for 50 min. The cells were then washed free of exogenous amnpicillin and suspended in four equal portions of lysine-deficient M9 medium at 0 min as shown above. L-Lysine (50 p.g/ml) was added to culture 1 (0). Ampicillin (40 p.g/ml) was added to culture 2 (0). Ampicillin (40 ,ug/ml) and chloramphenicol (100 ,ug/ml) were added to culture 3 (A). Chloramphenicol (100 ,ug/ml) was added to culture 4 (A). growth after a 20-min lag, indicating that the washing procedure had effectively removed the exogenous ampicillin. Furthermore, the addition of ampicillin to a second culture (curve 2) had no effect, indicating that the cells were still ampicillin tolerant. On the other hand, the addition of both chloramphenicol ahd ampicillin (curve 3) resulted in almost imtnidiate lysis, indicating that the cells were still susceptible to chloramphenicol-dependent lysis. Finally, the addition of ,hloramphenicol alone (curve 4) resulted in a lesser, but still significant, amount of lysis. We interpret this to mean that the pretreatment period with ampicillin was sufficient to commit the amino acid-deprived relA+ cells to chioramphenicol*dependett autolysis.
The results of two types of experiments suggested that the chloramphenicol-dependent autolysis described above was based on the ability of chloramphenicol to relax the synthesis of peptidoglycan in amino acid-deprived reiA+ bacteria.
One experiment was to demonstrate directly that chloramphenicol relaxed the synthesis of peptidoglycan in amino acid-ef,rived relA+ bacteria under the the conditions of the experiments described above (Fig. 3 ). As expected (22), -l'actam antibiotics, moenomycin, and D-cycloserine inhibited the chloramphenicol-induced relaxation of peptidoglycan synthesis (data not shown). In the second type of experiment, the effects of various lysis-inducing agents were determined on amino acid-deprived relA mutants; i.e., in this case, peptidoglycan synthesis was relaxed during amino acid deprivation as a consequence of the mutation in relA. by ampicillin, D-cycloserine, or moenomycin and lysis in each of these cases did not require the presence of chloramphenicol (Fig. 4) . Identical results were obtained with isoleucine-deprived cultures of strain LD5456 relA. Thus, the lysis of amino acid-deprived bacteria induced by inhibitors of peptidoglycan synthesis was directly correlated with the relaxation of peptidoglycan synthesis during amino acid deprivation.
DISCUSSION
It is generally believed that nongrowing bacteria are spared from the lethal activities of P-lactam antibiotics and other inhibitors of peptidoglycan biosynthesis. For example, a classic procedure used to enrich a bacterial population for auxotrophic mutants is based on the observation that penicillin fails to kill growth factor-deprived bacteria (2, 13). Therefore, in our early studies on the regulation of peptidoglycan synthesis, we were surprised to find that chloramphenicol negated the protective effect of amino acid deprivation against D-cycloserine treatment (10) , and this observation was subsequently extended to treatments with moenomycin and P-lactam antibiotics. The results presented here suggest that the underlying mechanism of this chloramphenicol-dependent autolysis was apparently based on the ability of chloramphenicol to relax peptidoglycan biosynthesis in amino acid-deprived bacteria (Fig. 3) . This proposal is consistent with the observation first made by Goodell and Tomasz (4) indicating that amino acid deprivation does not protect relA mutants from autolysis induced by penicillin. This observation is confirmed here and extended to include E-cycloserine and moenomycin. It should be emphasized that cultures treated with growth-inhibitory levels of chloramphenicol alone were susceptible to lysis induced by inhibitors of peptidoglycan synthesis, i.e., amino acid deprivation was not essential to demonstrate chloramphenicoldependent lysis. Thus, this represents still another exceptional case in which nongrowing bacteria are killed by inhibitors of peptidoglycan synthesis.
The minimum concentration of chloramphenicol required to cause chloramphenicol-dependent autolysis was equal to its MIC (5 ,g/ml). Furthermore, chloramphenicol analogs which did not bind to ribosomes were completely ineffective in causing chloramphenicol-dependent autolysis. It is also noteworthy that a variety of other inhibitors of ribosome function were found to act like chlortnlhenicol with various degrees of efficacy (W. Kusser and E. E. Ishiguro, manuscript in preparation). In these cases, the abilities of the ribosome inhibitors to cause lysis of relA+ cultures which were simultaneously amino acid deprived and penicillin treated were directly correlated to their abilities to cause relaxation of peptidoglycan synthesis and RNA synthesis in amino acid-deprived bacteria, i.e., the active agents were stringent control antagonists. Although we are still far from understanding how these drugs cause autolysis, our results suggest that the actions of chloramphenicol and the other active ribosome inhibitors were dependent on the direct interactions of the drugs with their respective ribosomal targets and the subsequent resulting interference with the stringent control mechanism. With respect to the observation that amino acid deprivation was not required for chloramphenicol-dependent lysis, it is noteworthy that peptidoglycan synthesis is relaxed in relA+ cultures treated with chloramphenicol alone (9) , and this is therefore in keeping with the preceding proposal.
It may be suggested that the penicillin tolerance of amino acid-deprived cells may in part be due to an increased impermeability to penicillin which develops during the course of amino acid deprivation and that chloramphenicol counteracts this by somehow increasing the permeability of the cells. Two observations make this unlikely. First, the minimum concentrations of ,-lactam antibiotics required to cause chloramphenicol-dependent lysis were equal to the minimum concentrations required to lyse normal growing cells, and unusually high concentrations were unnecessary. Second; amino acid-deprived cells which were preincubated with ampicillin and then thoroughly washed free of exogenous ampicillin autolysed when subsequently incubated with chloramphenicol. This indicates that a sufficient quantity of ampicillin had entered the amino acid-deprived cells during the pretreatment period to commnit them to autolysis.
We have encountered two reports which apparently contradict our results. In the first case, Goodell and Tomasz (4) have shown that strain W7 was protected from penicillininduced lysis by treatment with chloramphenicol (100 ,ug/ml. In the second case, Leduc et al. (14) have demonstrated that pretreatment with 100 p,g of chloramphenicol per ml for a period of 20 min prevented lysis of strain HfrH by either moenomycin or cephaloridine. The basis for these apparent discrepancies is not known, but we feel that they cannot be accounted for by differences in the bacterial strains used. We have screened a large number of strains from our collection for chloramphenicol-dependent lysis and have so far found no exceptions. This includes our HfrH strain (which incidentally is relA). It should be noted that in both cases, the details of the experimental conditions are not adequately presented, and there actually may not be any contradiction. For example, it seems that the experiments of Leduc et al. (14) may have been performed in a complex medium. We have noted that chloramphenicol did indeed partially protect cells from penicillin-induced lysis in at least one complex medium (tryptic soy broth, [Difco]; unpublished data); i.e., the chloramphenicol-dependent lysis phenomenon described here occurs in minimal medium but not necessarily to the same extent in complex media. Thus, it is conceivable that chloramphenicol does not act the same in both minimal and complex media. The basis for this is currently under investigation.
The mechanism by which amino acid deprivation protects relA+ E. coli from penicillin-induced autolysis has been previously studied (4) . It was reported that the peptidoglycan synthesized during amino acid deprivation was relatively resistant to the in vitro hydrolytic activity of a crude peptidoglycan hydrolase preparation obtained from normal growing cells. Furthermore, lysozyme digestion of the peptidoglycan from amino acid-deprived bacteria yielded a high-molecular-weight fraction which was not detected in lysozyme digests of peptidoglycan from normal cells. Thus, it was proposed that relA+ bacteria possess a mechanism which permits a rapid modification in the structure of their peptidoglycan during amino acid deprivation to yield a peptidoglycan which is resistant to the action of the cellular autolysins. We have not detected this structurally modified peptidoglycan in amino acid-deprived cells of our strains (22; unpublished data) and have found that the peptidoglycan synthesized during amino acid deprivation is not unusually resistant to the action of peptidoglycan hydrolases (unpublished data). We make the following alternative proposal mostly on the basis of our experience. As already noted, the activities of the peptidoglycan biosynthetic and hydrolytic enzyme systems are apparently somehow tightly coupled such that the cessation of peptidoglycan synthesis (e.g., as a result of the normal termination of growth, or through the mediation of stringent control in amino acid-deprived relA+ cells) is accompanied by a cessation of autolytic enzyme function. However, the treatment of actively growing bacteria with inhibitors of peptidoglycan synthesis may cause an uncoupling of the hydrolase activities which results in cellular autolysis. We suggest that the events leading to this proposed uncoupling of the cellular autolytic system require either a certain amount or, possibly, type (e.g., lateral wall synthesis) of peptidoglycan synthesis. This requirement is apparently not met by the residual peptidoglycan synthesis occurring in amino acid-deprived relA+ bacteria but is fulfilled when peptidoglycan synthesis is relaxed under these conditions either by using a stringent control antagonist such as chloramphenicol or by introducing a mutation in relA.
